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The  microstructure  and  electrical  properties  of  Fe  doped  ternary  complex  piezoelectric  ceramics
0.35BiScO3-0.6PbTiO3-0.05Pb(Zn1/3Nb2/3)O3-xFe  (BSPT-PZN-xFe)  with  a  composition  near  the  mor-
photropic  phase  boundary  were  systematically  investigated.  The  undoped  BSPT-PZN  showed  a
relaxor-like  behavior.  Addition  of Fe largely  reduced  the  diffuseness  degree  and  improved  the  tetrag-
onality.  It also  reduced  the  d33. The  dielectric  loss  and  the  mechanical  quality  factor  of the samples  were,
respectively,  reduced  and increased  for about  three  times.  The  turning  point  in  most  of  the  parameters
implies  that  the  doping  characteristics  are  mainly  caused  by  the  increased  tetragonality  (x < 0.4  mol%)  orerovskite
oping
urie temperature
omplex system
by the  substitution  induced  defects  (x > 0.4 mol%).  Despite  the complicated  inﬂuence  of Fe on  the  complex
high  temperature  piezoelectric  ceramics,  it may  still  be  used  to  signiﬁcantly  improve  the  ‘hardness’  of
similar  materials  required  for high  power  applications.  Direct  high  temperature  d33 measurements  indi-
cated  a thermal  depolarization  temperature  (250–260 ◦C) much  lower  than  the  peak  value temperature
(Tm ∼410–440 ◦C)  in the  temperature  dependence  of  dielectric  constant.  This  seems  to be  a challenge  for
the  BSPT  based  ternary  piezoelectric  ceramics.
© 2013 Dong Guo. Published by Elsevier B.V. Open access under CC BY-NC-ND license. . Introduction
The rapidly expanding demand for piezoelectric actuators and
ensors working under harsh environments (>300 ◦C), especially
n the aerospace and automotive [1–4] industries, has motivated a
reat deal of research interest for high temperature piezoelectric
eramics. One of the promising high-temperature piezoelectric
eramics that has been intensively studied recently is BiScO3-
bTiO3 (BSPT) [4]. The BSPT system with a composition near
he Morphotropic Phase Boundary (MPB, BS/PT = 36/64) shows
xcellent piezoelectric properties (d33 = 460 pC/N) with still a high
urie temperature (Tc) of about 450 ◦C [4–6]. The small ionic radius
f Bi3+ and the enhanced hybridization between Bi/Pb-6p and O-2p
rbitals were reported to be responsible for the large piezoelectric
oefﬁcient and the high Tc [7]. A problem of the material is its
ather ‘soft’ property with a high dielectric loss (tanı ≈ 5.0%) and
 low mechanical quality factor (Qm ≈ 15–50) [6], which lead to a
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Open access under CC BY-NC-ND licerelatively high degree of energy dissipation. Therefore, to decrease
the dielectric loss and to increase the Qm of the BSPT type materials
seems essential for their practical application, particularly in high
power piezoelectric devices. Doping is a widely used route for
tailoring the properties of multicomponent ceramics. The intrinsic
point defects, the dopant induced defects and their interactions
may  affect the polarization switching, the domain structure and
domain wall stability, and hence, trace amount of doping elements
always lead to signiﬁcant variations in the electrical and mechani-
cal properties. In this respect, various dopants, such as In, Ga, Mn
Fe, etc. [8–11], have been tried to modify the performance of BSPT.
Among the dopants, Fe was reported to be effective in improving
the ‘hardness’ of the materials. Addition of a new component to
BSPT to form a complex ternary or quaternary systems is another
way that can substantially modify the performance of the piezo-
electric ceramics. The effect may  be attributed to the improved
sintering process and the formation of more than one MPBs, etc. So
far various complex systems such as BSPT-Pb(Mg1/3Nb2/3)O3[12],
BSPT-Pb(Mn1/3Nb2/3)O3[13], BSPT-0.05Pb(Zn1/3Nb2/3)O3[14],
BSPT-Pb(Mn1/3Sb2/3)O3[15], BSPT-Pb(Mn1/3Ta2/3)O3[16], BSPT-
Bi(Mg1/2Ti1/2)O3-BiFeO3[17], etc. have been reported. However,
for most of the doped BSPT and BSPT-based complex systems, the
nse. 
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Fig. 1. (a) XRD patterns of the BSPT-PZN-xFe samples with a x in the range of 0 to 1.60 mol%; (b) magniﬁed XRD patterns of the (0 0 1)/(1 0 0) planes at 2 ≈ 22◦; (c) magniﬁed
XRD  patterns of the (0 1 1)/(1 1 0) planes at 2 ≈ 31.5◦ .
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deported dielectric loss values are very high, and the available Qm
ata are rather scattered (though rarely reported). In addition, so
ar very limited have been tried for modifying the properties of the
ernary or quaternary complex systems by doping of metal ions. It
s no doubt that the effects of doping are more complicated in the
SPT-based complex systems, because most of the systems (e.g.
MN, PMnN and PZN) introduced are relaxor type materials, whose
arious dipolar impurities caused by compositional disorder may
nteract with the dopants, leading to complicated microstructural
hanges. The samples may  show much complicated changes in
verall properties but not simple ‘soft’ (donor) or ‘hard’ (acceptor)
oped characteristics. Therefore, analysis of the property alteration
n the doped BSPT based complex system is of both practical and
heoretical signiﬁcance.
In this study, to get a better understanding of the effect of
oping on the BSPT-based complex ceramics and to improve
he material performance, Fe is selected as a model dopant,
nd its effects on the electrical properties and microstructure
f BSPT-PZN complex system with a composition 0.35BiScO3-
.6PbTiO3-0.05Pb(Zn1/3Nb2/3)O3 near the MPB  boundary were
ystematically studied.
. Experimental
The 0.35BiScO3-0.6PbTiO3-0.05Pb(Zn1/3Nb2/3)O3 + xmol% Fe
hereafter referred to as BSPT-PZN-xFe, x = 0, 0.10, 0.25, 0.40, 0.80,
.20, 1.60) ceramics were prepared by the columbite precursor
ethod [18]. First, ZnNb2O6 precursor was synthesized by calcin-
ng thoroughly mixed analytically pure ZnO and Nb2O5 powders
t 1250 ◦C for 2 h. Then stoichiometric ratio of the precursor and
nalytically pure Bi2O3, Sc2O3, PbO and TiO2 (with 1 wt%  excess
mounts of Bi2O3 and PbO for compensating their volatilization
uring sintering) powders were ball milled for 18 h. Then, themixture was calcined (800 ◦C), ground, dried, and pressed into
pellets by using polyvinyl alcohol as the binder. After debinding
and sintering at 1100 ◦C for 3 h in a sealed crucible, ceramic
samples with a diameter of about 10 mm and a thickness of about
1.0 mm were obtained. The phase structure were examined by
X-ray diffraction (XRD) in the 2 range of 20–60◦ with a step size of
0.02◦ with a Bruker D8 advance diffractometer. The microstructure
of the fresh fractured surfaces of the samples was  examined using
a Hitachi S-4800 ﬁeld emission scanning electron microscopy
(FE-SEM). The ceramic pellets for electrical characterization were
polished and coated with silver electrodes, and then were poled
at ∼140 ◦C for 20 min  under an electric ﬁeld of ∼3.5 kV/mm in
a silicone oil bath. The piezoelectric properties were measured
after 24 h aging at room temperature. Temperature dependence
of dielectric properties were measured using a computer con-
trolled Agilent 4294A (CA, United States) impedance analyzer
from room temperature to 600 ◦C. The planar electromechanical
coupling factor kp and Qm were derived by the resonance and
anti-resonance method. The piezoelectric constant d33 was  mea-
sured by a quasistatic piezoelectric ZJ-3D d33 meter produced
by Institute of Acoustics, Chinese Academy of Sciences. The high
temperature d33 was  directly measured by a modiﬁed ZJ-3DHT
type d33 meter equipped with a high temperature sample chamber
and a Pt/Rh thermalcouple. The polarization-electric ﬁeld hys-
teresis loops were measured with a Precision LC ferroelectric test
system (Radiant Technologies, Northford, United States) at room
temperature.3. Results and discussions
The XRD patterns of the undoped BSPT-PZN and BSPT-PZN-
xFe samples are shown in Fig. 1 All samples show a perovskite
224 Q. Liao et al. / Sensors and Actuato
Fig. 2. Fe content dependence of tetragonality of the BSPT-PZN-xFe samples with a
x  in the range of 0–1.60 mol%.
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the PE.ain structure. The presence of a small shoulder for the peak at
7.6◦ is due to the Sc-rich secondary phase. For pure BSPT-PZN,
t shows the coexistence of rhombohedral and tetragonal struc-
ures. With the increasing Fe content, the (1 0 0), (1 1 0) and (2 0 0)
eaks are getting more splitted into (0 0 1)/(1 0 0), (0 1 1)/(1 1 0)
nd (2 0 0)/(0 0 2) peaks, respectively, indicating a gradual rhom-
ohetral to tetragonal phase transition. The splitting can be clearly
een by the magniﬁed (0 0 1)/(1 0 0) and (0 1 1)/(1 1 0) peak pat-
erns shown in Fig. 1(b) and (c), respectively. Tetragonality (e.g. c/a
atio) is an important structure parameter in the perovskite lattice
ecause it is may  affect material properties such as spontaneous
olarization and Tc. From the XRD proﬁles, the lattice parameters a
nd c were derived by Rietveld reﬁnement with pseudo-Voigt func-
ion [19] by using Fullprof program, then the tetragonality of the
amples is obtained. As can be seen from Fig. 2, with increasing Fe
ontent, the tetragonality of the samples ﬁrst shows a signiﬁcant
ncrease and then keeps relatively stable when the Fe content is
igher than ∼0.25 mol%.
Fig. 3 shows the SEM photographs of the fractured surfaces of
arious BSPT-PZN-xFe samples. The SEM image of the sample con-
aining 1.2 mol% Fe is very similar to that of the sample containing
.8 mol% Fe and hence not shown. The pure BSPT-PZN ceramic
ample shows a predominantly transgranular morphology. In com-
arison, addition of Fe in the BSPT-PZN system seems to have
nduced a largely intergranular fracture surface. While the grain
ize of the samples seems to show a very slight increasing ten-
ency. It is well known that the piezoelectric response may  be
ependent on the grain size due to extrinsic contribution from
omain wall motion [20]. The piezoelectric coefﬁcient may  show
he maximum value at an optimum grain size or monotonously
ecrease with decreasing grain size [20]. Because the grain size
hows no obvious change for all the BSPT-PZN-xFe samples illus-
rated in Fig. 3, their electric performance change (see the following
ection) should largely attributed to other factors, such as the point
efects induced by addition of Fe, which may  clam the domain wall
otion.
The temperature dependences of dielectric constant and dielec-
ric loss of the BSPT-PZN-xFe samples in the frequency range
f 1 kHz–1 MHz  are shown in Fig. 4. All samples show evident
requency dispersion, indicating a relaxor-like diffusive phase
ransformation. As well known, a classical ferroelectric material
beys the Curie–Weiss law: 1/ε  = (T − Tc)/C′ (when T > Tc), wherers A 201 (2013) 222– 229
Tc and C′ represent Curie–Weiss temperature and Curie constant,
respectively. In relaxor-type ferroelectrics, the plot of 1/ε  versus
T obeys a similar relationship but at a higher temperature range,
namely when T > TB (TB is a value higher than Tc) [21]. Therefore, a
critical exponent  that depicts the degree of diffuseness in relaxor
ferroelectrics was  proposed [22] based on a modiﬁed Curies–Weiss
law:
1
ε
− 1
εm
= (T  − Tm)

C ′′
(1)
In Eq. (1) εm and Tm represent the maximum dielectric constant
and the corresponding temperature, C′ ′ is the Curie-like constant,
and  is a value between 1 and 2. When  = 1, Eq. (2) is reduced
to the Curie–Weiss relationship valid for normal ferroelectrics.
While  = 2 means an ideal relaxor ferroelectric. A typical plot of ln
(1/ε − 1/εm) versus ln(T − Tm) of the data at 100 kHz of a Fe doped
(x = 0.10 mol%) sample is shown in Fig. 5(a). A diffuseness degree
of  = 1.855 can be derived from the rather good linear ﬁtting of
the data. Such plots of all other samples also show a good linear
ﬁtting. The  values of the samples can then be derived as shown
in Fig. 5(c). We  can see that addition of Fe largely reduces the dif-
fuseness degree. A  value of 1.993 for the undoped pure BSPT-PZN
sample is reduced to 1.307 when the Fe content is increased to
1.6 mol%. Ferroelectric phase transitions may  be characterized as
either displacive type with a C′ ′ of the order of ∼105 ◦C, or order-
disorder type with a C′ ′ of the order of C′ ′ ∼103 ◦C [23,24], although
a material may  demonstrate both types of phase transitions. The
BSPT-PZN-xFe samples show a C” around 48.45∼291.90 × 105 ◦C
(shown in Fig. 5(b)), which is indicative of a predominantly dis-
placive type phase transition. This is not unexpected because the
spontaneous polarization below Tm in the material results from
the displacement of B-site ions. It can be noticed that the dielec-
tric constants at low frequencies increased drastically above the Tm
with dopant level >1.2%. Increasing dopant level of Fe may  enhance
the inﬂuence of space charge polarization, which may not follow
the external ﬁeld, leading to largely increased dielectric constants
above Tm.
Fig. 6(a) shows the polarization electric ﬁeld (P–E) hysteresis
loops of the BSPT-PZN-xFe samples measured at room tempera-
ture. The remnant polarization (Pr) and coercive ﬁeld (Ec) derived
from the loops are shown in Fig. 6(b). The Pr increases slightly from
∼32.5 C/cm2 to a maximum value of ∼34.1 C/cm2 at a Fe content
of 0.4 mol%, then it decreases substantially to ∼15.5 C/cm2 at a Fe
content of ∼1.6 mol%. The change in Ec is more complicated. The Ec
value ﬁrst decreases, and after a minimum value of 2.33 kV/mm
at a Fe content of 0.4 mol%, Ec increases to 2.71 kV/mm, then it
decreases again. The initial increase in Pr when the Fe content is
less than 0.4 mol%, which may  be attributed to the oxygen vacancy
induced by the small amount of iron dopant, which can facilitate
the sintering behavior and hence improve the performance [25],
and should be attributed to the relatively large increase in tetrago-
nality (see Fig. 2), because a higher tetraganality generally indicates
a more stable piezoelectric phase, leading to a higher Pr [26]. While
with further increasing of Fe content (x > 0.4 mol%) the tetragonal-
ity keeps relatively stable, and the decrease in Pr should be largely
caused by the defects caused by the acceptor type substitution of
Fe3+ for the B-site ions in the perovskite lattice. In addition, the
squareness of the hysteresis loops obviously decreases when the Fe
content is above 0.8 mol%. A decreased Pr and an increased Ec are
typical characteristics of hard doping. However, a largely decreased
Ec is observed when x is above 0.8 mol%. This implies high level of
dopant will go to grain boundaries, and will decrease squareness ofThe Fe content dependence of room temperature d33/kp, εr/tanı,
Qm and Tm of the BSPT-PZN-xFe2O3 ceramic samples is shown in
Figs. 7–10, respectively. The x dependence of d33 and kp in Fig. 7
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Fig. 3. SEM photographs of fractured surfaces of the BSPT-PZN-xFe samples with a x in the range of 0–1.60 mol%.
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ohows similar curve shape, and both data show similar change as
hat of Pr. As explained above, the change may  be attributed to
he relatively large increase in tetragonality (when x is less than
.4 mol%) as well as the acceptor substitution induced point defects
when x is more than 0.4 mol%). Moreover, it is interesting that
ost of the data in Figs. 6–9 show a turning point at a x value of
0.4 mol%, above which dramatic change starts. These imply again
hat the effect of Fe can be divided into two regimes that are con-
rolled by the tetragonality or by the acceptor substitution induced
efects [27,28]. The acceptor doped characteristics of Fe is more
learly demonstrated by the substantial decrease of room temper-
ture ε/tan ı and increase of Qm shown in Figs. 8 and 9, respectively.
articularly, the tan ı (from 3.71% to 1.36%) and Qm (from 15 to 43)
alues are changed for about three times by addition of Fe. Also, Tm
as increased from 418 to 440 ◦C. Considering the ion radius, Fe3+0.645 A˚) may  substitute all the B-site ions including Nb5+ (0.640 A˚),
i4+ (0.605 A˚) in the perovskite lattice, then positively charged
xygen vacancies are formed for charge balance. It has been wellaccepted that the B site defect may  react with the oxygen vacancies
to form defect dipoles [28,29]. These dipoles may  orient parallel to
the spontaneous polarization direction and give rise to an internal
bias ﬁeld, which is believed to be able to pin the domain wall and
inhibit polarization switching, leading to decreased Pr and d33. The
effect of defect dipole is reﬂected by the constricted loop of the sam-
ple containing 1.60 mol% of Fe shown in Fig. 6(a), as the internal bias
always give rise to a constrained loop [30]. The refrained polariza-
tion switching may  explain the decreased dielectric constant and
dielectric loss. Also, the data are at least qualitatively consistent
with the electrostrictive coupling relationship [31] d33 = 2ε33Q33Pr,
where Q33 is the electrostrictive coefﬁcient, and ε33 is the dielectric
coefﬁcient.
Concerning the underlying driving force for the change in dif-
fuseness degree after addition of Fe, some clues may be obtained
from the x dependence of tetragonality shown in Fig. 2 and that of
the diffuseness degree shown in Fig. 5. By carefully comparing the
two ﬁgures, we can ﬁnd that at ﬁrst both values change largely, and
226 Q. Liao et al. / Sensors and Actuators A 201 (2013) 222– 229
Fig. 4. Temperature dependence of dielectric constant and dielectric loss in the frequency range of 1 kHz–1 MHz of various BSPT-PZN-xFe samples with a x in the range of
0–1.60  mol%.
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Fig. 5. (a) The relaxor degree  (100 kHz) of various BSPT-PZN-xFe samples with a
x  in the range of 0 to 1.60 mol%; (b) The Curie-like constant C′ ′; (c) (The inset of (b))
Linear ﬁt of ln(1/ε − 1/εm) vs ln(T − Tm) of a typical sample.
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Fig. 6. (a) P–E hysteresis loops of the BSPT-PZN-xFe samples with a x in the range
of  0–1.60 mol%; (b) Fe content dependence of Pr and Ec derived from the loops.
Fig. 7. The piezoelectric coefﬁcient d33 and planar coupling factor kp of poled BSPT-hen x is higher than about 0.40 mol% they keep relatively stable.
n another word, the diffuseness degree change seems to be mainly
ontrolled by the tetragonality, namely, the ﬁrst regime discussed
bove. In contrast, the defects caused by the acceptor type substi-
ution may  have a minor effect. As a typical relaxor system, the
iffusive phase transition of PZN is caused by the symmetry break-
ng of compositional and structural disorder in the arrangement of
on-isovalent Nb5+ and Zn2+ ions on the crystallographically equiv-
lent sites [28,29]. The situation in the complex BSPT-PZN system is
imilar. Therefore, the results imply that the increased tetragonality
s well as the substitution induced defects should have improved
he compositional and structural order of the perovskite lattice.
e tentatively assume that a more off-center position along the c
xis of the B-site ions at a higher tetragonality may  make the lat-
ice more stable and improve the structural order [27]. While the
efect dipoles may  modify the dipolar entities of the polar nan-
domains in the polarizable host BSPT-PZN lattice and improve the
ompositional order. Both factors may  have caused a lower diffuse-
ess degree. More experimental data are required to elucidate the
etailed reasons.
The high temperature d33 of two typical samples directly mea-
ured by the d33 meter based on the Berlincourt method are shown
n Fig. 11. The d33 of the undoped BSPT-PZN sample increases sig-
iﬁcantly from 470 at room temperature to a maximum of 647 at
230 ◦C, then it suddenly decreases to ∼22, indicating that thermal
epolarization occurs at a temperature much lower than the Tm
418 ◦C, which is a reﬂection of transition temperature) measuredPZN-xFe2O3 ceramic samples with a x in the range of 0–1.60 mol%.
from the temperature dependence of dielectric constant shown
in Fig. 4. The curve of the BSPT-PZN-1.2Fe sample shows a simi-
lar shape with a slightly higher depolarization temperature. Other
BSPT-PZN-xFe samples also show similar temperature dependence
of d33 and similar Td values around 260 ◦C. The results indicate that
the maximum temperature below which the materials can be used
is much lower than the nominal ferroelectric–paraelectric phase
transition temperature, and Fe doping has no obvious effect on
modifying it. This constitutes a challenge for the ternary piezoelec-
tric ceramics.
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Fig. 8. The room temperature dielectric constant εr and dielectric loss tan ı (1 kHz)
of  the BSPT-PZN-xFe2O3 ceramic samples with a x in the range of 0–1.60 mol%.
Fig. 9. The Qm of poled BSPT-PZN-xFe2O3 ceramic samples with a x in the range of
0–1.60 mol%.
Fig. 10. The peak temperature Tm of poled BSPT-PZN-xFe2O3 ceramic samples with
a  x in the range of 0–1.60 mol%.Fig. 11. The high temperature d33 of BSPT-PZN and BSPT-PZN-1.2Fe2O3 ceramic
samples.
4. Conclusions
In summary, the structure and electrical properties of the
ternary BSPT-PZN-xFe ceramics near the morphotropic phase
boundary were systematically investigated. Fe doping largely
reduced the diffuseness degree and increased the tetragonality. The
tan ı and the Qm of the samples were, respectively, reduced and
increased for about three times, but the d33 was also decreased.
The turning point in most of the electric parameters implied that
the doping characteristics were mainly caused by the increased
tetragonality (x < 0.40 mol%) or by the substitution induced defects
(x > 0.40 mol%). Despite this complicated inﬂuence of Fe on the com-
plex high temperature piezoelectric ceramics, it may still be used
to effectively improve the ‘hardness’ of similar materials required
for high power applications. High temperature d33 measurements
indicated that thermal depolarization occurred at a temperature
much lower than the Tm measured from temperature dependence
of dielectric constant. This seems to be a challenge for the BSPT
based ternary piezoelectric ceramics.
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